Introduction
Room temperature ionic liquids, most commonly comprised of organic cations and inorganic anions, are receiving an increasing amount of attention because of their utility as environmentally friendly, "green" solvents and because of a host of practical applications to which they are amenable. [1] [2] [3] [4] The importance of ionic liquids has consequently stimulated considerable interest in their dynamic solvation properties, both in the experimental and the theoretical arenas. [26] [27] [28] [29] [30] [31] [32] An intriguing aspect of certain ionic liquids, which has only recently become appreciated, is their ability to promote micelle formation or to form micelles themselves. [33] [34] [35] [36] Major questions regarding dynamic solvation by ionic liquids deal with whether the organic cation or the inorganic anion solvate preferentially on different time scales, the role of the correlated motion of the ion pairs and their lifetime, and the importance of translational motion of the ions relative to dipolar relaxation. [23] [24] [25] Here, we attempt to address some of these questions by studying the solvation of the dye, coumarin 153, in a bulk ionic liquid and its corresponding micelle in water ( Figure 1 ). Because coumarin 153 is only sparingly soluble and weakly fluorescent in water, a clear distinction can be made between its fluorescent properties in the bulk ionic liquid and that in the micelles formed from the ionic liquid. Sarkar and co-workers 37 have compared the solvation dynamics of coumarin 153 in an ionic liquid with that of coumarin 153 in Brij-35 micelles in the same ionic liquid. This comparison suffers because coumarin 153 is soluble in both systems and only modest differences can be observed. Hara et al. have performed a detailed study of the effect of pressure on the solvation of coumarin 153 in micelles. 38 
Materials and Methods
Ionic Liquid Synthesis. 1-Cetyl-3-vinylimidazolium bromide was synthesized by reacting 1 molar equivalent of 1-vinylimidazole and 1-bromohexadecane. The mixture was heated to 65°C and stirred for 4 h. The bromide salt was then dissolved in water and heated to 50°C for hot extraction. Eight extractions were performed with ethyl acetate to remove impurities. The ionic liquid was then allowed to crystallize in the aqueous solution to purify the product further. The ionic liquid was then filtered and dried under vacuum. Anion exchange of 1-cetyl-3-vinylimidazolium bromide to 1-cetyl-3-vinylimidazolium bis-[(trifluoromethyl)sulfonyl]imide (NTf 2 ) was achieved by first dissolving the bromide salt in water. Next an equimolar amount of lithium bis[(trifluoromethyl)sulfonyl]imide was dissolved in water and added to the bromide salt solution and stirred until the aqueous layer became clear. The NTf 2 salt was then dissolved in methylene chloride and extracted with water eight times. A rotary evaporator was used to remove the excess methylene chloride. The NTf 2 salt was then placed under vacuum overnight to achieve complete dryness. Viscosity measurements for the solvents studied were taken with a ViscoLab 4000 piston-style viscometer from Cambridge Applied Systems.
CMC Determination. The critical micelle concentration (CMC) was found by plotting surface tension (dyn/cm) against concentration (mM). Surface tension measurements were taken using a Fischer Model 20 surface tensiometer. All glassware used was cleaned by chromic acid, rinsed with deionized water, and dried in an oven. Concentrations between 0 and 1 × 10 -3 M of 1-cetyl-3-vinylimidazolium bromide were prepared in aqueous solution and heated to 39°C. Measurements were taken at 39°C to circumvent solubility problems that occur at room temperature. An average of four measurements was taken to obtain the surface tension at each concentration of the ionic liquid. At 21°C, CMC ) 2.6 × 10 -5 M; at 39°C, CMC ) 3.2 × 10 -5 M.
Determination of the Micellar Aggregation Number. The aggregation number (the average number of surfactant molecules per micelle) can be estimated by optical techniques proposed by Turro and Yekta 39 and later modified by De Schryver and co-workers. 40 We employ the latter method, where the micellar aggregation number is obtained by exploiting the vibronic fine structure of pyrene emission. Pyrene was recrystallized several times from absolute ethanol before use. Three stock solutions were prepared of concentrations 0.2 × 10 -3 , 10 × 10 -3 , and 4 × 10 -2 M pyrene in ethanol, cetyl pyridinium chloride in water, and [CVIM + ][Br -] in water, respectively. For all measurements, pyrene and surfactant concentrations were kept constant at ∼2 × 10 -6 M and ∼4 × 10 -3 M. Six solutions were prepared with increasing quencher concentration from 0 to 0.5 × 10 -3 M. Samples were excited at 337 nm for emission spectra. The aggregation number can be determined using eqs 1 and 2 where I 0 is the emission intensity at a particular wavelength in the absence of added quencher and I Q is the corresponding emission intensity in the presence of quencher and micelle concentrations of [Q mic ln (
(1)
C153 ratio was maintained. Under these conditions there is one C153 molecule for every 20 micelles, thus minimizing the possibility of association or contact between the C153 probes.
Preparation of Solutions for Stern-Volmer Quenching Experiments.
For quenching of C153 in methanol, two stock solutions were prepared of concentrations 2 × 10 -4 M C153 in methanol and 0.5 M potassium iodide in methanol. For all measurements, C153 concentrations were kept constant at ∼2 × 10 -6 M. Six solutions were prepared with increasing quencher concentration from 0 to 0.4 M. Similar quenching experiments were performed in micellar environment by preparing three stock solutions of concentrations 2 × 10 -4 , 4 × 10 -2 , and 0.1 M, of C153 in methanol, [CVIM + ][Br -] in water, and potassium iodide in water, respectively. For all measurements, C153 and surfactant concentrations were kept constant at ∼ 2 × 10 -6 and ∼4 × 10 -3 M. Six solutions were prepared with increasing quencher concentration from 0 to 2 × 10 -2 M. Samples were excited at 420 nm for taking the emission spectra.
Steady-State Optical Measurements. Steady-state excitation and emission spectra were recorded with a SPEX Fluoromax with a 4-nm band-pass and were corrected for detector response. A 1-cm path length quartz cuvette was used for the measurements except for [CVIM + ][Br -] as a pure solvent. For this system, a 5-mm path length quartz cuvette was used. During spectroscopic measurements, the quartz cuvettes were kept tightly sealed so as to prevent moisture from being absorbed by the ionic liquids. The steady-state spectra can be used to compute the reorganization energy, λ 23, 24 The σ a,f are the absorption (or excitation) and emission spectral line-shapes, respectively.
Time-Resolved Measurements. The apparatus for the timecorrelated single-photon counting measurements is described in detail elsewhere. 23, 24 The instrument response function had a full width at half-maximum (fwhm) of e100 ps. A 1-cm path length quartz cuvette was used for all the time-resolved measurements except for [CVIM + ][Br -] as pure solvent. A 5-mm path length quartz cuvette was used for this solvent. To construct the time-resolved spectra, a series of decays (∼3000 counts in the peak channel) were collected over as much of the fluorescence spectrum as possible, typically from 470 to 610 nm at 10 nm intervals. They were fit to a maximum of three exponentials. Transient spectra were reconstructed from these fits by normalizing to the steady-state spectra: ,t) is the wavelength-resolved fluorescence decay, and S 0 -(λ) is the steady-state emission intensity at a given wavelength. We have employed the traditional approach of fitting the timeresolved spectra to a log-normal function, from which we extract the peak frequency, ν(t), as a function of time.
The solvation dynamics were described by the normalized correlation function:
ν("t)0") is the frequency at zero time. 24 ,41 ν(∞) is the frequency at "infinite time," the maximum of the steady-state fluorescence spectrum. ν(t) is determined by taking the maxima from the log-normal fits as the emission maximum. In most of the cases, however, the spectra are broad, so there is some uncertainty in the exact position of the emission maxima. Thus, we have considered the range of the raw data points in the neighborhood of the maximum to estimate an error for the maximum obtained from the log-normal fit. Depending on the width of the spectrum (i.e. "zero-time", steady-state, or time-resolved emission spectrum), we have determined the typical uncertainties as follows: zero-time ∼ steady-state (∼(100 cm -1 ) < time-resolved emission (∼(200 cm -1 ). We use these uncertainties to compute error bars for the C(t).
Finally, in generating the C(t), the first point was obtained from the zero-time spectrum. The second point was taken at the maximum of the instrument response function, which, having a fwhm e 100 ps, was taken to be ∼100 ps. Fractional solvation at 100 ps was calculated using f(t)100ps) ) 1 -C(t)100ps).
Polarized fluorescence traces were collected in order to obtain anisotropy decay parameters. 10 000 counts were collected in the peak channel of the trace whose polarization was aligned parallel to that of the excitation pulse. We could not detect any polarized fluorescence from coumarin 153 dissolved in [CVIM + ][Br -] (solvent). This might be due to scattering arising from the opaque, solid substance formed at 69°C.
Results
Steady-state spectra and representative wavelength-resolved decays are presented in Figures 2 and 3 , respectively. Figure 4 provides the solvation relaxation functions, C(t). Relevant spectroscopic and relaxation parameters are summarized in Tables 1 and 2 . Examination of Figure 4 and Table 1 indicates the following. -], whose glass transition temperature is ∼191 K, 0.54 of the solvation is missed at 323 K, whereas only 0.17 is missed at 238 K. 11 4. The fluorescence anisotropies ( Figure 5 ).
Discussion
The above results lead us to suggest the following. 1. Coumarin 153 is located in the Stern layer of the [CVIM + ][Br -]. This seems reasonable since coumarin 153 is expected to be more soluble in a polarizable environment dominated by imidazolium than a long, nonpolarizable hydrocarbon chain. It is also well-known that coumarin 153 is sparingly soluble and weakly fluorescent in bulk water. More concrete justification of this assignment is given by the anisotropy and the quenching data. The fluorescence anisotropy is dominated by a rapid phase, which is consistent with a mobile coumarin probe located near the micellar surface. This is also confirmed by the quenching data. Coumarin 153 is more strongly quenched in the micelle, whose cationic headgroups exert a Coulombic attraction upon the anionic quencher, I -.
2. The same entity is responsible for the majority of the solvation in both bulk [ -], about 70 ps as opposed to 300 ps. The former solvation time is nowhere near that of bulk water, where solvation is essentially complete after 1 ps. 42, 43 It is known, however, that water in confined environments produces solvation that is significantly slower than that of bulk, 43, 44 and thus, the average solvation time observed for micellar [CVIM + ][Br -] is consistent with the presence of water molecules that are confined by the Stern layer. It is also possible, however, that the slower solvation in the bulk solvents arises at least in part from the higher viscosity of these systems (Table 1) .
Conclusions
As noted above, our previous work on ionic liquids has led us to conclude that the organic cation is most often responsible for the early-time dynamic solvation events. 23- 25 Here we compare the micellar system formed by 1-cetyl-3-vinylimida- A typical instrument response function is shown. The decay at blue end of the spectrum decays faster than that of at the red end of the spectrum. The decay at the red end of the spectrum shows a growing component. The decays used to construct the time-resolved emission spectra were typically collected over a range of wavelengths from 470 to 610 nm at 10 nm intervals; a total of 15 decays were used to generate the timeresolved emission spectra, from which the C(t) values were calculated. Table 1. zolium bromide in water against the bulk bromide solvent and the NTf 2 -solvent ( Figure 1 ). Given that coumarin 153 is sparingly soluble in both water and nonpolar hydrocarbons, it is most likely that it is located in the Stern layer of the micelle formed by 1-cetyl-3-vinylimidazolium bromide. If this is so, the immediate environment of the coumarin is predominantly the imidazolium cation and an outer sphere of associated water molecules and bromide ions (Figure 1d) . Table 1 and Figure 4 indicate that the fractional solvation in the micelles is, within experimental error, slightly greater than or equal to that in the bulk ionic liquids. We interpret this result as indicative of predominant solvation in both cases by the imidazolium cation. This assignment, however, is tentative since it is based only upon the value of the fractional solvation at 100 ps. To make it definitive, solvation studies need to be performed either on a variety of ionic liquids and counteranions or with superior time resolution so that the form of the C(t) function may be compared. Finally, the average solvation time in the micelles is considerably smaller than that of the bulk solvents, which we interpret in terms of the contribution of localized water molecules.
Exploiting the use of ionic liquids capable of accommodating specific structures provides a deeper insight into how solutes interact with these fascinating and interesting solvents that are gaining ever increasing interest in the scientific community. , is given by the sum of the products of the preexponential factors and the time constants. Although we fit the C(t) to a sum of exponentials, we do not intend to suggest that this presents an accurate physical description of the solvation process. Finally, we note that the magnitude of τ1, and consequently that of 〈τ〉, is an estimate obtained essentially from only two data points, that at "zero time" and that at 100 ps. Consequently, the very early time process may be considerably more complicated or represented by a much shorter time constant. a The errors for r0 are based on the average of three measurements. The bulk solvents yielded a single-exponential anisotropy decay. The fitting parameters are estimated to be accurate to approximately (15%. An average anisotropy decay time is not computed for the micellar systems, since the longer decay components could not be accurately determined on the time scale used, 12 ns full scale. 
